We studied the expression of the glucose transporter GLUT 4 in the soleus and red gastrocnemius muscles from obese, diabetic (fa/fa) Zucker rats compared to their lean littermates (Fa/-), with and without treatment with the antidiabetic drug metformin. In the untreated groups of rats, the GLUT 4 content in a crude membrane fraction of both the soleus and the red gastrocnemius muscles were significantly lower in the obese (fa/fa) rats (3.46+0.28 vs. 6.04 _+ 0.41, p < 0.001 and 6.0 _+ 0.24 vs. 9.1 _+ 0.48, p < 0.0001, respectively). Differences in GLUT 4 expression in soleus muscle from the same rats were confirmed by quantitative immunofluorescence microscopy, and the results were significantly correlated with the results obtained from quantitative immunoblotting (rho = 0.70, p < 0.0005). The decreased expression of GLUT 4 in fa/fa rats could contribute to the well-established insulin resistance in skeletal muscle of these animals. After 4 weeks of treatment with metformin, weight gain was not affected in either the diabetic (fa/fa) rats or the lean (Fa/-) rats. Improvement of glucose homeostasis by metformin was not associated with normalization of the GLUT 4 expression in the skeletal muscles studied, indicating (1) that the decreased GLUT 4 expression is not directly related to hyperinsulinaemia and diabetes mellitus and (2) that metformin does not normalize the expression of GLUT 4 in skeletal muscle of the diabetic (fa/fa) Zucker rats.
Metformin (N,N-dimethylbiguanide) is an antidiabetic drug widely used to treat obese non-insulin-dependent diabetic patients. No stimulatory effect of metformin on insulin secretion has been demonstrated [1] [2] [3] [4] and the antihyperglycaemic effect has been attributed to a variety of actions, including diminished intestinal absorption of carbohydrates [2, 5] and reduced hepatic gluconeogenesis [3, [6] [7] [8] . In vivo and in vitro studies have also indicated that metformin stimulates the insulin-induced glucose uptake in skeletal muscle and adipose tissue [2, [9] [10] [11] [12] . Insulin stimulation of glucose uptake in these tissues involves redistribution of the insulin responsive glucose transporter GLUT 4 from an intracellular pool to the plasma membrane as reviewed by Burant et al. [13] . However, studies on different types of muscles from rats have shown that insulin responsiveness is also related to the content of transporter protein in crude membranes [14, 15] .
The obese Zucker rat (fa/fa) is a well-characterized animal model of insulin resistance in skeletal muscle, and the adult Zucker rats display severe hyperinsulinaemia, glucose intolerance and an elevated plasma insulin response to a glucose challenge [16] [17] [18] . It has been suggested that the insulin resistance is partly the result of an impairment of insulin stimulation of the glucose transport [19] [20] [21] . We studied the expression of GLUT 4 in skeletal muscles from obese Zucker rats and their lean littermates, with and without treatment with metformin, to establish whether the impaired insulin action in skeletal muscle is associated with a decreased glucose transporter content, and to investigate the effect of the antidiabetic drug metformin on the GLUT 4 content in this tissue. In addition to conventional Western blotting of a crude muscle membrane fraction, the GLUT 4 content in cryosections of muscle was determined by use of a new, in this context, approach: quantitative immunofluorescence microscopy.
Materials and methods
Housing, care and medication of animals. Obese male Zucker rats (fa/fa) and their lean littermates (F~/-) were purchased from Charles River Laboratories (Cambridge, Mass., USA) at 8 weeks of age. They were housed two-three per cage and were provided with free access to food (crude protein 23 %, crude fat 5 % and carbohydrate 47.5% by weight, the remaining being moisture and fibres) and water. The temperature of the animal room was kept at 21 °C, with an artificial 12:12-h light-dark cycle. Seven obese Zucker rats and seven lean control rats were randomly chosen for medication, and the remaining seven rats from each group served as controls. The rats assigned for medical treatment were given metformin dissolved in 0.9 % NaC1 every morning during a period of 24 days while the controls were given vehicle. Metformin was administered by use of a gastric tube, in doses starting with 90 rag/day for 6 days increasing to 180 mg/day for 6 days, 225 mg/day for 6 days and finally 270 mgc'day for the remainder of the study period. The last dose of metformin or vehicle was given 24 h before the day of study. The animals were weighed twice weekly.
Tissue and blood sampling. After an overnight fast, the animals were anaesthetized by pentobarbital sodium (50 mg/kg body weight i.p.) and weighed. Blood samples for determination of insulin were collected in iced tubes containing 500 kallikrein inhibitor units (KIU) Trasylol (Bayer, Leverkusen, FRG) and 1.5 mg EDTA per ml of blood, while samples for determination of glucose and fructosamine were stabilized with 10 IU heparin per ml of blood. The soleus and red gastrocnemius muscles were excised and immediately frozen by immersion in n-hexane at -70°C and stored at the same temperature until analysis. Following excision of muscles, the animals were killed by excision of the heart.
Analysis of blood samples'.
A commercially available RIA kit was used for determination of insulin as described by the manufacturer (Novo-Nordisk, Bagsvaerd, Denmark) using rat insulin as standard. Glucose was measured by an automated glucose analyser (YSI 23AM; Yellow Springs Instruments, Yellow Springs, Ohio, USA), and glycated fructosamine was analysed using a commerdally available kit (Precimat; Boehringer Mannheim, Meylan, France), and data were normalized to the concentration of plasma protein.
Immunobtotting. Frozen soleus of red gastrocnemius muscles were homogenized for 7 s using a Polytron (n. Prof. RWitlems, Luzern, Switzerland) (max. setting) in 3 ml of 50 mmol/1 Hepes, pH 7.6, 250 mmol/1 sucrose, 10 mmol/1EDTA, 1.5 mmol/1 phenylmethylsulphonyl-fluoride (PMSF) and 400 KIU/ml Trasylol. A crude membrane fraction, consisting of a mixture of plasma membrane and intracellular membrane, was isolated from the homogenate by a centrifugation procedure, essentially as described by Klip et al. [22] with previously published modifications [23, 24] . The homogenates were centrifuged at 1,000 g, for 10 min, at 4 °C, followed by a centrifugation of the resulting supernatants for 10 min, 9,000 g, at 4 °C. The supernatants underwent a final spin at 200,000 g, for 2 h, at 4 °C and the resulting pellets were resuspendedin homogenization buffer without protease inhibitors. Protein content was determined by the Coomassie brilliant blue G-250 dye method using the kit from Biored (Richmond, Calif., USA). Protease inhibitors were added to the remaining crude membrane preparation (1.5 mmoI/1 PMSF and 400 KIU/ml Trasylol). Samples containing 50 gg of protein from each crude membrane preparation were analysed in duplicate by sodium-dodecyI-sulphate polyacrylamide gel etectrophoresis (SDS-PAGE) and Western blotting [23, 24] . The antibody used for detection of the glucose transporter GLUT 4 was an affinity-purified polydonal rabbit antibody directed against an artificial peptide, P1, identical to the 13 COOH-terminal amino acids of GLUT 4 [23] . Quantitation of immunoreactivity was performed by densitometric scanning using a preparation of adipocyte plasma membrane as internal standard. No significant differences in protein recovery in the crude membrane fractions between the four groups of rats were found in either soleus or red gastrocnemius muscle (data not shown).
Fluorescence labelling of GLUT 4 in tissue sections. Soleus muscles
were divided into three tissue blocks by two transverse cuts at random positions on the long axis of the muscle. From each tissue block, six cryosections were cut 6 gm thick and all sections from one soleus muscle were adsorbed on the same gelatin-coated slide. Slides were incubated with Tris-buffered saline (TBS; 10 mmolB Tris-HC1, pH 7.4 and 0.9% NaC1) containing 5% bovine serum albumin (BSA) for 30 rain at room temperature to block non-specific binding, essentially as previously described [24] . Quadruplicate sections from each tissue block (in total 12 sections on each slide) were incu-A. Handberg et al.: GLUT 4 in skeletal muscle of diabetic Zucker rats bated for 1 h with the above-described polyclonal antibody towards the COOH-terminal part of GLUT 4, diluted 1:100 in TBS with 1% BSA. Duplicate sections from each tissue block (in total six sections on each slide) were incubated with dilution buffer alone and served as background sections. The cryosections were washed three times for 3 min with TBS followed by incubation with a fluorescence conjugated goat anti-rabbit IgG antibody (BODIPY [B2752]; Molecular Probes, Eugene, Ore., USA) for 1 h. Finally, the sections were rinsed in TBS and mounted in Aquamount (BDH, Poole, Dorset, UK). The sections were kept in the dark at -20 °C until analysis by fluorescence microscopy.
Quantitation of immunofluorescence labelling in tissue sections
Instrumentation. The fluorescence intensity emitted from the spedfically bound secondary antibody was measured using a Zeiss Axiovert 10 epifluorescense microscope equipped with a Plan Neofluar water immersion objective (Magnification x 25, numerical aperture 0.80), a XBO 75 W light source, a fast-shutter and a Dage/MTI SIT 66 camera (Michigan City, Ind., USA) connected to a MVP-AT version 10 digitizer (Matrox Electronic Systems Limited, Dorval, Quebec, Canada). The following set of filters was used: excitation 485/20 nm, beamsplitter 510 nm and emission 515-565 nm (Zeiss, Oberkochen, FRG). The system was operated by the software package IMAGE1/AT 4.01b (Universal Imaging Corporation, West Chester, Pa., USA).
Quantitation of fluorescence. The background signal from the videocamera was adjusted to a black level of zerousing back-ground sections (see above). The high voltage (668 keV) and gain (4.86) were adjusted such that the main part of the measurements were within the midrange of the camera sensitivity [25] . From each slide, in 3 x 3 of the specifically-labelled sections on a slide, an area was randomly selected and an image was acquired by averaging and digitizing 16 videoframes (PAL; 25 frames/second). The total iItumination time was 1.5 s. The resulting image (512 x 512 pixels) was stored on a hard disk. After acquisition of the images, a dark and a white reference image was obtained using an uranylglass without and with illumination, respectively, to be used for background and shading corrections [25] . After the image acquisition, the intensity of fluorescence was quantitated using shading and background corrected images. The immunofluorescence intensity was discriminated using a level between 100 and 255 grey values. This signal does not represent the total amount of fluorescent secondary antibody but gives a measure of total GLUT 4, and the level is suitable to detect differences of GLUT 4 between the groups, effectively eliminating background signals. In each image the intensity in two thirds of the image area was measured and integrated. The sum of the integrated intensities from nine images was taken to represent a muscle. Sections from one rat from the untreated Fa/-control group and three rats from the treated control group were excluded a posteriori due to artifacts in the sections. Partial thawing of the sections during mounting on slides could cause intense and diffuse non-specific binding of the secondary fluorescent antibody.
Statistical analysis
Data in text, tables and figures are given as mean + SEM. Statistical significance between groups was tested by use of a Mann-Whitney test for unpaired comparisons, and Spearmans rho for correlation was used. One or two-sided tests were used where appropriate (indicated in text). Statistical analysis was performed using MEDSTAT version 2.1, programmed by H. R. Wulff and R Schlichting, Herlev University Hospital (Herle~; Denmark).
Results
T h e diabetic (fa/fa) Z u c k e r rats were significantly m o r e obese t h a n their lean littermates at the onset of m e t f o r m i n t r e a t m e n t (body weight (g) 367 + 16 vs 277 + 6.5, Data are shown as mean + SEM. See Materials and methods for metformin dosage and route of administration. ~p < 0.00005 vs untreated fa/fa rats, Up < 0.002 vs untreated fa/fa rats, Cp <0.05 vs fa/fa rats treated with metformin (one-sided Mann-Whitney), dp < 0.01 vs untreated fa/fa rats, ep < 0.005 VS metformin treated fa/fa rats (one-sided Mann-Whitney)
i. e. when the rats were approximately 8 weeks of age. The fa/fa rats gained relatively more weight during the study compared to the lean controls, and by the end of the study the weight of the fa/fa rats was 149 % of control rats (Table 1) . Metformin treatment did not influence weight gain during the study in the fa/fa Zucker rats or in the lean controls (Table 1) . Weight was positively correlated to fasting insulin at the end of the study (rho=0.72, p <0.00005). Fasting glucose levels were significantly elevated in the untreated fa/fa rats compared with control rats and glycated fructosamine tended to be increased in the diabetic rats (Table 1) . Glycated fructosamine was significantly reduced by 30 % by metformin treatment in the fa/fa rats (Table 1) . Fasting blood glucose levels were lowered by metformin in the diabetic fa/fa rats (8.9 + 1.0 vs 12.7 _+ 1.0 mmol/1), whereas no effect was found in the lean, non-diabetic rats. Metformin treatment also lowered fasting plasma insulin in the obese fa/fa rats (10.9 + 2.7 vs 5.9_+0.7 ng/ml), and was without effect in Fa/-rats (Table 1) . In untreated fa/fa rats, the content of G L U T 4 in a crude membrane fraction isolated from the soleus muscle was decreased to 57% of control (3.46+0.28 vs 6.04 _+ 0.41, Fig. 1 ). Treatment with metformin did not significantly influence G L U T 4 expression in soleus muscle in either the diabetic fa/fa rats or in the controls (Fa/-). Similarly, in red gastrocnemius muscle, the G L U T 4 content in crude membranes was significantly lower in the untreated fa/fa rats compared with controls (6.0 + 0.24 vs 9.1+_0.48, Fig.l) . Metformin caused no change in G L U T 4 expression in red gastrocnemius muscle in the diabetic group and in the lean controls even a reduction of 19% was demonstrated. The G L U T 4 content in untreated animals, when expressed relative to protein content in the crude membrane preparation, was significantly higher in red gastrocnemius compared to soleus muscle (9.09 + 0.48 vs 6.04 + 0.41, p < 0.002 in the Fa/-rats and 6.0 -+ 0.24 vs 3.46 + 0.28, p < 0.001 in the fa/fa rats). In all rats taken together, G L U T 4 content was negatively 483 correlated to fasting plasma insulin in both the soleus (rho = -0.5,p < 0.02) and the red gastrocnemius muscles (rho = -0.56, p < 0.005) as well as to fasting plasma glucose in the soleus (rho = -0.47, p < 0.02) and the red gastrocnemius muscles (rho = -0.58, p < 0.005).
Furthermore, the expression of G L U T 4 in the soleus muscle was also measured by quantitative immunofluorescence microscopy. The expression of G L U T 4, as measured in sections, was lower in muscle sections from the fa/fa obese rats compared with controls (5.47 + 0.57 vs 8.64 _ 1.51,p < 0.05, one-sided Mann-Whitney). The content of G L U T 4 in soleus muscle determined in a crude membrane fraction by Western blotting correlated significantly with the content measured in the same muscles by 
D i s c u s s i o n
Insulin resistance is a major metabolic characteristic of non-insulin-dependent diabetes and obesity, and involves decreased sensitivity and/or responsiveness of the glucose transport system to insulin in target tissues [26, 27] . Skeletal muscle is the primary tissue responsible for insulinstimulated glucose disposal [28] , where the glucose transporter G L U T 4 is believed to be responsible for A. Handberg et al.: GLUT 4 in skeletalmuscle of diabetic Zucker rats insulin-stimulated glucose uptake [13] . Although translocation of GLUT 4 to the plasma membrane is believed to be an important step in the stimulation and regulation of glucose uptake by insulin, most studies of skeletal muscle have measured the level of GLUT 4 in crude membrane fractions rather than in plasma membranes, because the subcellular fractionation of skeletal muscle necessary for the study of translocation is technically difficult [22, [29] [30] [31] . However, studies on different types of muscles from rats have shown that insulin responsiveness is related to the level of transporter protein [14, 15] . Glucose transporter expression in skeletal muscle has been studied in man and in several animal models of insulin resistance. In non-insulin-dependent diabetes mdst studies agree that expression of G L U T 4 protein in skeletal muscle is normal [23, 32] . In skeletal muscle from streptozotocin (STZ)-diabetic rats, however, previous reports have established a reduced expression of G L U T 4 protein and m R N A which are restored to normal levels with insulin therapy [33, 34] .
In the present study, we have used the obese Zucker rat, which in the adult state is characterized by moderate hyperglycaemia and severe hyperinsulinaemia [16] [17] [18] , as a model of insulin resistance. Using similar methods for quantitation of muscle G L U T 4 as in previous studies of Zucker rats [35, 36] , we demonstrated a reduced expression of G L U T 4 in soleus and red gastrocnemius muscles. The validity of the present finding was confirmed by quantitative immunofluorescence microscopy. The individual measurements of G L U T 4 in soleus muscles obtained by the two methods were significantly correlated, and the decreased GLUT 4 expression was reproduced. Our result is in contrast to that of Friedman et al. [35] , where GLUT 4 content in the gastrocnemius muscle of obese Zucker rats was normal compared to their lean littermates. This discrepancy could be due to a transiently decreased G L U T 4 expression as rats of considerably different age were studied (36 weeks vs 11-12 weeks in our study). A study of muscle insulin resistance and G L U T 4 expression in muscle from obese Zucker rats of increasing age (21-70days), however, demonstrated no difference in G L U T 4 content in the extensor digitorum longus muscle nor in the diaphragma at any timepoint [36] .
Most studies of other hyperinsulinaemic animal models of insulin resistance have not suggested a decreased expression of G L U T 4 in skeletal muscle. Thus, in the obese (db/db) mouse [37] and in the viable yellow mouse [38] , skeletal muscle GLUT 4 content was normal, and in rats made insulin resistant by long-term infusion of glucose [39] , or by dexamethasone treatment [40] no effect on transporter expression was demonstrated. However, in insulin resistance induced by 4 days infusion of insulin in healthy rats, GLUT 4 protein was decreased in the tibialis muscle [41] . Additionally, in a new rat model of insulin resistance, the obese hypoinsulinaemic diabetic Zucker rat (ZDF/Drt-fa), G L U T 4 content was found to be reduced to about the same extent as in the present study [38, 42] . Thus, the relation between insulin resistance and G L U T 4 expression differs between the models studied and may be related to the known variables of glycaemia, insulinaemia, corticosteronaemia etc. In view of the variety of animal models of insulin resistance previously studied under different conditions, and the conflicting conclusions concerning the relationship between GLUT 4 expression and insulin sensitivity drawn from these studies, the fact that the GLUT 4 expression reported here was demonstrated by use of two different methods, increases the reliability of the demonstrated decreased expression of GLUT 4 in skeletal muscle from fasting fa/fa Zucker rats.
It has been proposed that hyperinsulinaemia could contribute to the development and sustaining of muscle insulin resistance in genetically obese rats [36] . In support of this we demonstrated a negative correlation between GLUT 4 and fasting insulin and glucose. However, despite amelioration of diabetes and hyperinsulinaemia after 3 weeks of metformin treatment, normalization of GLUT 4 content in the faJfa rats could not be demonstrated. This could be due to the fact that insulin levels were not fully normalized. The site of action of metformin has been subject to some discussion. Studies using the hyperinsulinaemic clamp technique have indicated that in non-insulin-dependent diabetes metformin augments the insulin-stimulated glucose uptake in muscle [9, 10] . This finding is confirmed by incubations of muscle strips from non-diabetic subjects [12] . In rat adipocytes, short-term administration of metformin increases the insulin-stimulated glucose uptake by potentiating the insulin-stimulated translocation of transporters to the plasma membrane [11] . Our finding of lack of alteration in GLUT 4 content indicates that the level of action of metformin in skeletal muscle is not the expression of GLUT 4. Howevm; as in adipocytes [11] metformin could potentiate insulin-stimulated translocation of GLUT 4.
In conclusion, we have demonstrated that the insulin resistance in skeletal muscle of the obese diabetic fa/fa Zucker rat, previously demonstrated by others, is associated with a decreased expression of GLUT 4 when compared to lean littermates. Amelioration of the hyperinsulinaemia and the diabetes by metformin treatment was not associated with normalization of the GLUT 4 expression in the skeletal muscles studied.
